((TTIDG KD

Cutting Edge: Modulation of Airway
Inflammation by CpG
Oligodeoxynucleotides in a Murine
Model of Asthma*

Joel N. Kline?* Thomas J. Waldschmidt,
Thomas R. Businga,* Jennifer E. Lemish,*
Joel V. Weinstock,* Peter S. Thorrieand
Arthur M. Krieg®

- - T - - general, Thl cytokines suppress Th2 responses, implicated in the
Asthma has been increasing !n industrialized coun.trles. Evi- pathogenesis of asthmatic inflammation (4, 5). Therefore, the Thl
dence suggests that asthma is caused by a Th2 immune re- response to bacterial DNA is noteworthy in light of the finding that
sponse to inhaled environmental Ags and that childhood infec-  ¢hjlghood bacterial or mycobacterial infection protects against
tions protect against this. We have shown that bacterial DNA  5sthma and other atopic conditions (6, 7). These data support the
contains motifs, centered on unmethylated CpG dinucleotides, hypothesis that during childhood, repeated Ag exposures in the
which induce Thl-type responses. We hypothesized that the presence of CpG DNA may bias immune responses to Thl and
Thl effect of these CpG motifs may oppose the Th2 type al- protect against Th2 type responses such as asthma.

lergic response and suggest that this may account for the pro-

tective effect of childhood infection against asthma. We exam-  Materials and Methods

ined the effects of CpG-motif oligodeoxynucleotides (CpG  Murine model of asthma

ODN) in a murine model of asthma. Airway eosinophilia, Th2 . .
tokine induction. 1aE production. and bronchial hvperreac- C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME) were sensitized

C.y-O +19E P B . yp . to Schistosoma mansoaggs (5000, i.p.) and challenged with schistosome

tivity were prevented by coadministration of CpG ODN with egg Ag (SEA, 10ug intranasal) (8). These eggs were purified from the

the Ag. Significantly, in a previously sensitized mouse, CpG livers of infected hamsters (9). SEA was prepared by homogenization and

ODN can prevent allergen-induced airway inflammation, ~ concentration of eggs (10).

The_se studies suggest that exposure to CpG DNA may protect Oligonucleotides

against asthma. The Journal of Immunology, 1998, 160:

2E555_2559 The CpG ODN consisted of 20 bases containing two CpG motifs (TC

CATGACGTTCCTGACGTT). The control ODN was identical except that
the CpG motifs are rearranged (TCCATGETTCCTGAGTCT). ODN
. L were produced by Oligos etc. (Wilsonville, OR) in a Good Manufacturing
acterial, but not vertebrate, DNA causes activation of B practice facility and have undetectable levels of LPS. ODNy(gPwere
cells and NK cells and the secretion of Thl cytokines administered by i.p. injection.
(1-3). These effects result from the presence of unmeth-
ylated CpG dinucleotides in particular base contexts (1-3) and cai/hole lung lavage
be mimicked with synthetic oligodeoxynucleotides (ODN Following euthanasia, the trachea was cannulated and saline washings were
collected. The lavages were processed for cell counts, and the supernatants
were saved for further analysis.
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5 Student’st test. P values for significance were set at 0.05. Values for all
measurements are expressed as the mte&EM. Statistical analysis was

4 4 l conducted using Systat 5 for the Macintosh.

l ----k---- Egg/ SEA
3 3
L k ----- (ODN + Egg)/SEA
La::ge l l ~--@--— (CpG ODN-+Egg)/ SEA Results
Eosi ils2 RN R NI —o— sali . .
oi":z.?)h"s I e To examine the effects of CpG DNA we used a murine model of

1 e ]L asthma in which C57BL/6 mice are sensitized to schistosome eggs
and challenged with SEA (8). To determine the effect of CpG

0 4 ODN on the development of airway eosinophilia, we performed

T N T " lung lavage on mice who received eggs in the presence and ab-
Time (hours) sence of CpG ODN or control ODN (each 8@ i.p., administered
at the time of the schistosome eggs) and then were challenged with

FIGURE 1. CpG ODN prevent airway eosinophilia in a murine model . . . .
of asthma. C57BL/6 mice were exposed to schistosome eggs with or with-SEA' Control mice received diluent (saline) alone We found that

out ODN (30ug i.p., day 0) or saline alone. Mice were challenged in the 1UNG €osinophils (Fig. 1) were significantly greater in the mice
airways with SEA (10ug) on days 7 and 14. Mice underwent airway €XPosed to schistosome egg/SEA than in control mice or the group
lavage at various times following the second challenge. No eosinophildhat received CpG ODN along with the schistosome eggs but not
were identified in the bronchoalveolar lavage fluid of control mice at anygreater than in mice that received control ODN. Mice that received
time point; marked airway eosinophilia was induced by schistosome eg€CpG ODN also did not develop the peribronchial inflammatory
sensitization and challenge and was prevented by coadministration of Cpgesponse seen in the egg/SEA mice, whereas those mice that re-
ODN but not control ODN. Each data point represents the me&EM  cejyed control ODN with the schistosome eggs were not protected
of at least four individual experimentsp*< 0.01 (sallne_) or ((CpQ from this inflammation (Fig. 2).
ODN + egg)/SEA) vs (egg/SEA) or (ODN- egg)/SEA) mice. There is We next evaluated the effect of CpG ODN on bronchial hyper-
no significant difference between the (egg/SEA) and the ((ObMgg)/ L . . .
SEA) mice. reactivity in this model. With a whole bpdy plethysmogrz_iph, mice

were monitored after exposure to saline followed by increasing
concentrations (12.5-100 mg/ml) of nebulized methacholine. The
readout wad,,,,, which correlates to measured airway resistance
Murine IL-4, IL-12, and IFNy were measured using a sandwich ELISA (11); values ofP,,,, obtained were normalized to postsalifg;,
gﬁf‘%g";&?gi’pj'ﬁéy'\‘)' The IL-12 ELISA used a capture Ab specific to resulting in an index. Mice previously sensitized to schistosome

eggs and challenged with SEA developed dose-dependent metha-
Measurement of IgE choline-induced bronchospasm that was significantly greater than
Total serum IgE was measured using sandwich ELISA. B1E3 (rat IgGin control mice or mice that received CpG ODN but no different
anti-murine IgE mAb) was the capture reagent, and biotin-conjugatedrom that in mice that received control ODN (Fig. 3). These studies
EM95 (t”%rllggmlﬁtiﬁgafﬁ‘gl?n% a”rt]i(');”Uf:;zs'g'fsft‘::btg‘\’/"izisnusigi r?lf de&‘?i‘;itgbonfirmed that schistosome Ag-induced bronchial hyperreactivity
:ﬁgggglonal IgE anti-TNP (A3Bp1) wgs used as apstandérd. Y can be prevented_ by CpG ODN.

We next examined serum levels of IgE, a marker for atopy.

Statistics Control mice had 0.66= 0.38 ug/ml of IgE, and schistosome

Analysis of time course and dose-response curves was performed usifRI9/SEA mice had significantly greater levels of 4:4®.54 pg/
ANOVA with post hoc Tukey tests. Pairs of groups were compared usingml, p < 0.01. In contrast, mice that received CpG ODN along with

Cytokines

mice were treated as described in Figure 1. These
representative sections are representative of at least:
four individual mice in each group, E, saline con-
trol; B, F, schistosome egg, SE&, G, schistosome "=
egg + CpG ODN, SEA;D, H, schistosome egg- -
control ODN, SEA.A-D, X25; E-H, X1000. Sig- '_
nificant peribronchial eosinophilic inflammation:
and epithelial activation, which is induced by SE/4
in mice sensitized to schistosome eggs, is marke:
diminished by coadministration of CpG ODN bu
not by control ODN.
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FIGURE 3. CpG ODN inhibit the development of bronchial hyperre- B

sponsiveness to inhaled methacholine in a murine model of asthma.
C57BL/6 mice were treated as described in Figure 1. Twenty-four hours

after the second exposure to SEA, the mice were placed in whole body gap
plethysmographs and underwent methacholine challenge (between 12.5jgN.y 0.3
and 100 mg/ml). Thé,,,,index is a calculated measure of bronchospasm (ng/ ml)
(see Materials and Methods The mice sensitized to schistosome eggs 027 ‘I’
without ODN or in the presence of non-CpG (control) ODN exhibited

significant bronchial reactivity to inhaled methacholine, compared with

control mice or mice exposed to schistosome eggs in the presence of CpG o
ODN. n = 4 for each group; p < 0.05, vs saline or (ODN+ egg)/SEA % 604/ 2 %,
mice. R %, %
S %
Condition G

the schistosome eggs had an IgE level of 12:040.32, which is
significantly lower than that of the egg/SEA group € 0.05) and

not different from that of the control group, but mice that received
control ODN along with the schistosome eggs had serum IgE lev-

els of 3.04+ 0.94 ug/ml, which did not significantly differ from BAL
the schistosome egg/SEA mice. (IL-/1 2|)
ng/ m

CpG ODN also affected lung cytokine release in this model. We
first examined the effects of CpG and control ODN alone and
found that administration of ODN did not affect lung lavage fluid
levels of IL-4, IL-12, or IFN< at 1 or at 14 days after adminis-
tration. IL-4 was significantly increased in egg/SEA-treated mice

relative to controls; this was prevented by pretreatment with CpG %@ @, % %@
ODN but with not control ODN (Fig. A). The IL-4 concentrations M %, Q’%

in the CpG ODN-treated mice were still elevated above those of %&7
control mice. The loss of allergen-induced IL-4 expression in the Condition

CpG-treated mice suggests that the Th2 response to allergen eXjgure 4. CpG ODN diminish the induction of lung IL-4 expression
posure was abrogated. We next examined whether CpG treatmegid promote the release of lung IL-12 and IFNA a murine model of
would generate an Ag-induced Thl response. Indeed, we foundsthma. C57BL/6 mice were treated as described above and then sacrificed
that both IFNy and IL-12, Th1 cytokines, were induced by aller- following lung lavageA, Compared with saline control mice, schistosome
gen inhalation in mice primed with the allergen plus CpG ODN €gg sensitization primed for the release of IL-4 following SEA challenge
(Fig. 4, B andC); the induction of these cytokines was significant which was significantly reduced by coadministration of CpG ODN but not
(p < 0.05) relative to all other groups. These studies indicate thafontrol ODN. " < 0.05 vs egg/SEA mice. CpG ODN, but not control
if an Ag is encountered in the context of CpG DNA, subsequent®PN: induced release of IFN{B) and IL-12 C) in lavage flud 6 h after

. . stimulation with SEA, *p < 0.01 vs control mice. Each data point repre-
exposure to the Ag in the lung will lead to a Th1 rather than a Thzsents the meart SEM of at least four individual experiments. BAL, bron-
response. . ) ) choalveolar lavage fluid.

Down-regulation of Ag-driven Th2-mediated responses follow-

ing sensitization is an important therapeutic goal. To investigate
whether CpG DNA may overcome a preexisting Th2 response, weosinophilia (0.28+ 0.14 X 10° cells,p < 0.01), but the mice that
examined the effect of CpG ODN on eosinophilic airway inflam- received control ODN and eggs (day 7) developed eosinophilia
mation in mice sensitized to SEA. All mice received schistosomesimilar to that of the mice that received schistosome eggs alone
eggs, were reexposed to eggs in the presence of CpG or contr(fig. 5).
ODN or no ODN (day 7), and then were studied following two  These findings demonstrate that the schistosome/SEA model of
SEA inhalation challenges (days 14 and 21). Mice given schistoasthma is characterized by IgE production, airway eosinophilia,
some eggs without ODN developed marked airway eosinophiligpulmonary IL-4 secretion, and bronchial hyperreactivity, which do
(2.91+ 0.70X 10° cells). In contrast, the mice that received CpG not develop if CpG ODN are coadministered along with the schis-
ODN along with eggs (day 7) developed significantly less airwaytosome eggs. CpG ODN alone do not offer significant protection
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4 We demonstrate here that systemic administration of CpG DNA
Groups causes a Th1l rather than a Th2 immune response to schistosome
Lung 2. EayoomarsiA _ eggs. This raises the possibility that childhood exposure to CpG
Lavage & EogliooN - Zearoa DNA may restore a Th1 immune influence and reduce the inci-
Eosinophils dence of asthma. Our studies also have implications for treatment
108 27 of patients previously sensitized to allergens. Current immunother-

apy protocols for asthma have little therapeutic effect (14), al-
1 though immunotherapy can slightly reduce symptoms in selected

* patients with atopic conditions (15). The beneficial effects of im-
0d munotherapy are thought to be at least partly due to induction of
1 2 3 4 Th1 cytokines (16). Our data demonstrating the prevention of eo-

Group sinophilic airway inflammation in animals already sensitized to

FIGURE 5. Treatment of sensitized mice with CpG ODN and Ag re- Schistosome eggs suggest that the potent Thl-like effects of CpG
duces subsequent airway eosinophilia. C57BL/6 mice were sensitized t©DN may promote immune desensitization to known allergens.

schistosome eggs (5000 i.p., day 0) and then received saline alone (grodthe use of CpG ODN as an adjuvant may dramatically improve

2) or CpG ODN (30ug i.p.) (group 3) or non-CpG ODN (group 4) along the utility of immunotherapy in asthma.

with additional schistosome eggs. All mice then received SEA by intrana- In some models of atopic disease, IL-12 administration can also

sal administration (1@.g, days 14 and 21) and were sacrifideh after the lead to reduced IL-4 and increased IRNin airway fluid with

final airway challenge. Treatment of schistosome-sensitized mice withresultant improvements in eosinophilia (17). However, the use of
CpG ODN and schistosome eggs, but not control ODN and schistosom p p ’ ’

eggs, decreases subsequent eosinophilic inflammation following exposur%DN to protect against eosinophilic inflammatiqq or gtopic d's

to inhaled SEA. Each data point represents the meaBEM of at least ~ €aS€ carries several advantages over IL-12 administration. Clinical

four individual experiments; p < 0.01 vs group 1. trials of IL-12 have been associated with substantial morbidity and
even mortality (18). Moreover, in some animal models, IL-12 ad-

. . . . - ministration can actually worsen eosinophilic inflammation (19).
against the development of airway inflammation. In addition, thesel‘:urthermore the Thi-promoting effect of IL-12 may be insuffi-
efiects are A.g specific; in other studies (pot sh.o.wn), CpQ ODN Caient to suppress a Th2 recall response (20), whereas CpG ODN
protect against the development of eosinophilic airway Im(l"’mm"’l'can prevent airway eosinophilia even after sensitization. The ap-
tion in an OVA murine model of asthma, but protection against

o . . . arent superior Thl effect of CpG ODN may be due to the fact that
OVA sensitization does not confer protection against schlstosomI triggers the sustained endogenous production of IL-12 for at
fenflttljzatl_?hn.CBgthoI[I):&}yba;ld Il.-_thhwere_ |n(tjuc?ddln _tt:e rr;]lc::‘ least 8 days, while exogenous IL-12 has a relatively short half-life.
reated wi P ut notin the mice treated with Schis O'Finally, oligonucleotides are cheaper to formulate and far more
some eggs and SEA alone, suggesting that induction of Thl'typgtable than cytokines. CpG ODN may be preferable to the thera-

cyto.l<.|ne.expre.35|on may be responsible for. preyentmg the e(.)s'nf)eutic use of cytokines, such as IL-12, for reasons of cost, stability,
ophilic airway inflammation. However, the kinetics of expression

of these two Thi cytokines are quite different—plasma Hehy- safety, and prolonged expression of induced cytokines. These cur-

) o .__rent studies support the hypothesis that induction of Th1 cytokines
els returned to baseline within 24 h whereas IL-12 levels remame%y CpG ODNppprotects yggainst eosinophilic inflamma'zon in

persistently elevated for-8 days following a single injection of .
. S 07~ asthma, and they suggest that CpG ODN may be an effective novel
CpG ODN (data not shown). CpG ODN is also effective in dimin- method of inducing protection against atopic disorders.

ishing the eosinophilic response to Ag even when given following
initial sensitization.
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